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ABSTRACT OF THESIS
DELETION OF PERIOD GENES EXACERBATES DIET-INDUCED OBESITY IN
FEMALE, BUT NOT MALE, MICE
Sex differences in obesity in mice are mediated by differential responses of
circadian rhythms to high-fat feeding in males and females. Other studies also showed
circadian Period genes regulate diet-induced obesity in mice. In this study, we
investigated the role of the Period genes in regulating sex differences in obesity. Male
and female C57BL/6J wild type, Per1/2 KO, and Per1/2/3 KO mice were housed in
12L:12D and fed high-fat diet for 12 weeks. We found a striking sex difference in obesity
such that disabling the Period genes exacerbated adiposity in female, but not male, mice.
Increased adiposity in female Period KO mice was not due to increased energy intake
since they ate the same number of calories as wild type females. We found the phases of
eating and activity rhythms varied from day to day in Period KO, but not wild-type,
mice. Per1/2/3 KO females, as well as wild-type and Per1/2/3 KO males, also had
disrupted eating rhythms on high-fat diet Therefore, increased interdaily variability and
disruption of eating rhythms may contribute to exacerbated diet-induced obesity in
Period KO females. Moreover, this study demonstrates that sex is a critical factor when
studying the interplay between circadian rhythms and metabolic risk.
KEYWORDS: circadian rhythms, metabolism, sex differences, obesity
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CHAPTER 1. DELETION OF PERIOD GENES EXACERBATES DIET-INDUCED
OBESITY IN FEMALE, BUT NOT MALE, MICE
1.1

Introduction

More than 40% of adults in the U.S. are obese (Bryan et al., 2021). Obesity is
costly and deadly as it is a risk factor for cardiovascular disease and type 2 diabetes
(Hales et al., 2020). Obesity impacts men and women differently. Men develop
cardiovascular disease approximately 7 years earlier than women (Maas and Appelman,
2010). This difference is due in part to circulating estrogens in women that reduce the
risk of cardiovascular disease prior to menopause (Iorga et al., 2017; Mosca et al., 2011).
Postmenopausal women, who have very low levels of estrogens, are at high risk for
atherosclerosis and metabolic dysfunction, similar to men (Matthews et al., 2001).
Estradiol treatment reduces the risk of cardiometabolic disease in postmenopausal women
as long as it is initiated within 10 years of menopause (Mendelsohn and Karas, 1999;
Naftolin et al., 2019; Stampfer et al., 1991; Stuenkel et al., 2015).
Sex differences in obesity are also evident in C57BL/6J mice. Male mice fed a
high-fat diet (HFD) rapidly gain weight (Branecky et al., 2015; Kohsaka et al., 2007;
Pendergast et al., 2013; Surwit et al., 1988). In contrast, female mice are resistant to dietinduced obesity due to the presence of estrogens (Omotola et al., 2019; Palmisano et al.,
2017; Stubbins et al., 2012a). Prior studies have shown that diet-induced obesity in mice
is mediated in part by their daily rhythms (Coomans et al., 2013; Omotola et al., 2019;
Pendergast et al., 2013).
The circadian system is a hierarchical organization of clocks. The main clock is
the suprachiasmatic nucleus (SCN) in the hypothalamus (Moore and Eichler, 1972;
Stephan and Zucker, 1972). The SCN then coordinates the phases of downstream
rhythms in peripheral tissues (Yamazaki et al., 2000; Yoo et al., 2004) . This system
governs approximate 24 hour cycles of physiology and behavior, such as eating rhythms
and the sleep-wake cycle (Huang et al., 2011; Pittendrigh and Daan, 1976). These cycles
are synchronized to environmental cues, such as light (Aschoff, 1965; Moore and Card,
1985). Disruption of these daily cycles can be a risk factor for obesity and
cardiometabolic disease, but the mechanisms mediating the relationship between rhythms
and metabolic risk are largely unknown (Bechtold, 2008).
One way to study the role of circadian rhythms in obesity is to disrupt the
circadian timekeeping mechanism, which is a negative transcription/translation feedback
loop that takes ~24h to complete (Green et al., 2008). The transcription factors BMAL1
and CLOCK drive expression of Period (Per) and Cryptochrome (Cry) genes (Cox and
Takahashi, 2019). Then, PER and CRY proteins heterodimerize and feed back to inhibit
transactivation by BMAL1/CLOCK. This completes the feedback loop. BMAL1 and
CLOCK also drive expression of other non-circadian genes by binding to E-boxes, which
1

are promoter regions in many genes. Thus, BMAL1 regulates both circadian and noncircadian functions.
Prior studies in BMAL1 knockout (KO) and ClockΔ19 mutant mice suggest that
disabling the molecular clock could exacerbate metabolic dysfunction (Kennaway et al.,
2007; Pan et al., 2013; Peek et al., 2013; Rudic et al., 2004; Turek et al., 2005). Whole
body BMAL1 KO impaired glucose tolerance and insulin secretion and caused fatty liver
in male mice (Marcheva et al., 2010; Peek et al., 2013; Rudic et al., 2004; Shi et al.,
2013; Shimba et al., 2011). Conflicting reports exist of the effects of BMAL1 KO on
obesity in males; diet-induced obesity was either exacerbated or inhibited. BMAL1 KO
mice have impaired adipocyte differentiation, joint calcification, and accelerated aging,
which are non-circadian functions of BMAL1 that may affect outcomes of metabolic
experiments. (Bunger et al., 2005; Kondratov et al., 2006; Musiek et al., 2013; Shimba et
al., 2011; Yang et al., 2016). While these prior studies suggest disruption of the
molecular clock exacerbates metabolic dysfunction, the findings may be complicated by
the non-clock functions of BMAL1. Furthermore, prior studies have primarily examined
the role of the circadian timekeeping system in male, but not female, mice (Kennaway et
al., 2007, 2013; Peek et al., 2013; Rudic et al., 2004; Turek et al., 2005). Thus, studying
both males and females in a mouse model where the circadian clock is disrupted without
confounding non-circadian effects will allow us to further understand the interplay
between circadian rhythms and metabolism.
The three Period paralogs, Per1, Per2, and Per3, are essential for circadian clock
function, but they are not transcription factors and do not have widespread non-circadian
functions (Bae and Weaver, 2007; Bae et al., 2001; Pendergast et al., 2012; Shearman et
al., 1997, 2000). Each PERIOD protein has a different function (Pendergast et al., 2009,
2010a, 2010b, 2012). PER1 and PER2 are essential for timekeeping in the SCN, as Per1/-Per2-/- mice have arrhythmic activity in constant darkness (Bae et al., 2001; Cermakian,
2001; Zheng et al., 1999). Additionally, while PER3 is not essential for SCN
timekeeping, it regulates timekeeping in peripheral tissues such as the liver, pituitary, and
lung (Pendergast et al., 2012; Shearman et al., 2000). Thus, knocking out the Period
genes is a more specific way to disrupt the circadian timekeeping mechanism than
disabling BMAL1.
Understanding the role of circadian genes in regulating obesity in mice can be
conducted using a nutritional challenge such as high-fat diet feeding (Surwit et al., 1988).
A previous study investigated obesity in Per1-/-Per2-/- Per3-/- mice and found that males,
but not females, gained more weight than control mice when fed HFD (Dallmann and
Weaver, 2010). However, these mice were on an obesity-resistant genetic background, so
the experimental design was not ideal for studying obesity. In this study, we sought to
determine if disabling the circadian timekeeping mechanism via the Period genes
affected diet-induced obesity in male and female mice.
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1.2
1.2.1

Materials and Methods
Animals

Male and female C57BL/6J Per1-/-Per+/-Per3-/- mice or Per1-/-Per2+/- mice
(originally generated by Bae et al., 2001 and backcrossed with wild-type C57BL/6J mice
from The Jackson Laboratory for 17-18 generations) were bred to generate Per1-/-Per2-/Per3-/- (Per1/2/3 KO) and Per1-/-Per2-/- (Per1/2 KO) mice, respectively, for experiments.
Male and female wild-type C57BL/6J mice were also bred in our mouse facility and used
for experiments. All mice were bred and housed in the University of Kentucky animal
facility in a standard 12-h light/12-h dark cycle with ad libitum access to water and
standard chow (Teklad 2918, 18% kcal fat, 3.1 kcal/g metabolizable energy). Pups were
weaned at 21 days old and group housed (2 to 5 mice per cage). Tail snips were collected
from mice at weaning to use for genotyping according to the protocol used by The
Jackson Laboratory with optimized annealing temperatures (Per1 56.5°C, Per2 55°C,
Per3 58.5°C) All experiments were conducted in accordance with the National Institutes
of Health Guidelines Regarding Care and Use of Animals and were approved by the
University of Kentucky’s Institutional Animal Care and Use Committee (protocols 20152211 and 2021-3842).
1.2.2

Experimental Protocols

1.2.2.1 Experiment I: Effects of chronic high-fat feeding on body weight and daily
rhythms in male and female mice in 12L:12D.
At 7 weeks old, male and female wild-type, Per1/2 KO, and Per1/2/3 KO were
singly housed in cages (33 x 17 x 14 cm) with locked wheels. Wheels were unable to
rotate for the duration of the study. Only the mice meeting the body weight inclusion
criteria (16-18g for females, 21-24g for males) were included in the study. The cages
were placed in light-tight boxes in 12L:12D (white LEDs, light intensity 250-350 lux)
with ad libitum access to low-fat diet (10% kcal fat; 3.85 kcal/g, Research Diets
D12450K) for 1 week. One week later, at 8 weeks of age, mice were fed high-fat diet
(45% kcal fat: 4.73 kcal/g, Research Diets D01060502) for 12 weeks. Body weight and
food intake were recorded weekly during the 3 hours before lights out [Zeitgeber time
(ZT) 9–12, where ZT0 is lights on and ZT12 is lights off]. Any mouse that engaged in
food shredding was not included in the analyses of food intake or eating behavior
rhythms. At 20 weeks old, mice were fasted from ZT0-ZT6 and underwent either an oral
glucose tolerance test (OGTT) or fasting blood glucose was measured. Blood glucose
was measured with the Accu-Chek Aviva.
1.2.2.2 Experiment II: Metabolism in mice fed high-fat diet in metabolic cages.
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At 7 weeks old, male and female wild-type, Per1/2 KO, and Per1/2/3 KO mice
were singly housed in cages (33 x 17 x 14 cm) with locked wheels in 12L:12D. Inclusion
(e.g., body weight) and exclusion (e.g., food shredding) criteria were the same as Expt. I.
The cages were placed in light-tight boxes in 12L:12D (light intensity 250-350 lux) with
ad libitum access to low-fat diet (10% kcal fat; 3.85 kcal/g, Research Diets D12450K) for
1 week. At 8 weeks old, mice were fed high-fat diet (45% kcal fat, same as Expt. I) for
the remainder of the study. At 9 weeks old, mice underwent EchoMRI analysis and were
transported to the room containing Sable Promethion cages, which are home cage indirect
calorimetry cages (Sable Promethion Metabolic Screening FG250) to acclimate. After
four days of acclimation, mice were single housed in Sable Promethion home cages for 9
days, when the mice were 10-11 weeks old (light intensity 20-57 lux). The cages were
inspected daily for food shredding, since this is common for high-fat diet feeding in
metabolic cages. Mice that shredded their food during the final 5 days were not used for
analysis of food intake or eating rhythms (number of mice that shredded: wild-type n=2,
Per1/2 KO n=2, Per1/2/3 KO n=1). At 11 weeks of age, mice were removed from the
Sable cages and body composition and fasting blood glucose were measured. The last 5
days the mice were in the metabolic cages were used for analysis.
1.2.3

Analyses of Eating and Locomotor Activity Rhythms

The daily eating events for each day were plotted in circular histograms in 10-min
bins (Oriana 4.02; Kovach Computing Services, Anglesey, UK). In Expt. II, days 3-9
were used. Amplitude was defined as the length of the vector and phase was defined as
the direction of the vector. An arrhythmic day was defined as a day with a Rayleigh
statistic p>0.05. In Expt. I, onsets, offsets, and phase were measured as an average of
days 4-7 on low-fat diet and days 88-91 on high-fat diet. Onsets were defined as a 5-5hr
period using Clocklab, and offsets were defined as a 3hr-3hr period. Phase was obtained
for the aforementioned days using cosinor analysis (Clocklab). In Expt. II, amplitude was
calculated by averaging the 5 days of amplitude obtained via circular histograms.
In Expt. I, general locomotor activity was measured with passive infrared sensors
(Adafruit), which measures the pattern of activity. In the metabolic cages, distance
traveled was measured using “PedMeters,” defined as all ambulatory activity within the
home cage. Actograms for activity from passive IR sensors and metabolic cages were
plotted in the scaled format (ClockLab). Actograms for feeding behavior for the
metabolic cages were plotted in the normalized format (ClockLab).
1.2.4

Oral Glucose Tolerance Test (OGTT)

OGTTs were performed in male and female mice of each genotype at 20 weeks of
age in Expt. I. Mice were fasted for 6 hours from ZT0-6. After fasting, mice received an
oral gavage of 2g/kg of dextrose (in sterile PBS). Blood glucose (Accu-Chek Aviva) was
measured from the tail at timepoint 0 prior to gavage, and then at 15-, 30-, 60- and 1204

min post-gavage. Area under the curve (AUC) was calculated using OriginLab Pro
Software. After the OGTT, mice were euthanized via carbon dioxide inhalation and body
composition was measured with the EchoMRI-100.
1.2.5

Statistical Analysis

Data are plotted as mean ± standard error of the mean (SEM). Two-way
ANOVAs (genotype x sex) were used to determine whether adiposity, final body weight,
fasting blood glucose, oral glucose tolerance (AUC), cumulative food intake, cumulative
activity, and eating and activity rhythm amplitudes and phases, differed by sex and/or
genotype (OriginLab Pro). Significance was ascribed at p<0.05.
1.3
1.3.1

Results
Period knockout males and females have altered activity rhythms in the light-dark
cycle.

We first characterized daily rhythms of general locomotor activity of male and
female wild-type and Period KO mice fed low-fat diet for 1 week and then high-fat diet
for 12 weeks in 12L:12D (Fig. 1A,B). Male and female Period KO mice had rhythmic
activity, but the onsets of activity were advanced compared to wild-type mice when fed
low-fat diet (Fig. 1C, Table S1) and high-fat diet (Fig. 1D, Table S1). There was no effect
of sex on the duration of daily activity (alpha) for low-fat (Fig. 1C, Table S1) or high-fat
diet (Fig. 1D, Table S1), but Per1/2/3 KO males and females had a shorter alpha when
fed high-fat diet compared to wild-types (main effect genotype, post-hoc P<0.01).
The effect of Period KO on the amplitude of the general locomotor activity
rhythm varied by sex (Fig. 1E,F, two-way ANOVA, sex*genotype, Table 1). The
amplitude of the activity rhythm was lower in males than females fed high-fat diet (main
effect sex, Table 1). The amplitude of the activity rhythm did not differ between male
wild-type and Period KO mice, but the amplitude of the activity rhythm differed by
genotype in females. Female Per1/2/3 KO mice had reduced amplitude activity rhythms
compared to wild-types (post-hoc, P<0.0001, Fig. 1F) and Per1/2 KO females (post-hoc,
P<0.05; Fig. 1F).
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Table 1.1 Two-way ANOVA analysis of general locomotor activity rhythms.
Metabolic Parameter
Amplitude: low-fat diet
Sex
Genotype
Sex*Genotype

Two-Way ANOVA

F=1.22, P=0.27
F=7.68, P<0.01
F=0.80, P=0.46

Amplitude: high-fat diet
Sex
Genotype
Sex*Genotype

F=39.62, P<0.0001
F=1.37, P=0.26
F=4.10, P<0.05

6

Figure 1: Period KO mice have altered activity rhythms in a light-dark cycle.
Representative actograms for male and female Per1/2/3, Per1/2 KO, and wild-type
mice were generated using passive infrared sensors for 91 days (diet change denoted
by red arrows) (A,B). Average amplitude of activity for the last 4 days (4-7) of low-fat
diet (C) and last 4 days (88-91) of high-fat diet (D). Activity onset, offset, and duration
(duration displayed as values in the bars) were calculated for the same subset of days
(C,D). Average amplitude for low-fat diet days and high-fat diet days (E,F). Results are
presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
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1.3.2

Period knockout females have exacerbated diet induced obesity compared to
males.

We next examined the effects of high-fat feeding on body weight (Fig. 2A,B,C)
and adiposity (Fig. 2D) in male and female wild-type, Per1/2 KO, and Per1/2/3 KO
mice. The effect of genotype on body weight and adiposity depended on sex (Fig. 2D,
Table 2: two-way ANOVA sex*genotype). Consistent with prior literature, female wildtype mice were resistant to diet-induced obesity and weighed less (Fig. 2C, post-hoc
P<0.0001) and had less adiposity (Fig. 2D, post-hoc P<0.0001) than wild-type males
after 12 weeks of high-fat diet feeding. Male wild-type and Per1/2/3 KO mice weighed
more (post-hoc P<0.01; Fig. 2A) and had more adiposity (post-hoc, P<0.05; Fig. 2D)
than Per1/2 KO males. Female Per1/2/3 KO mice weighed more than female wild-type
mice at the conclusion of the experiment (post-hoc, P<0.05; Fig. 2B,C) Strikingly,
female Per1/2/3 KO had triple the adiposity (post-hoc, P<0.0001; Fig. 2D) and Per1/2
KO mice had double the adiposity (post-hoc, P<0.0001; Fig. 2D).
We measured fasting blood glucose and oral glucose tolerance to assess glycemic
control. Males had a higher fasting blood glucose compared to females (main effect sex,
two-way ANOVA, Table 1; Fig. 2E) but there was no effect of genotype (two-way
ANOVA, Table 1; Fig. 2E). Males also had a greater area under the curve compared to
females (main effect sex, two-way ANOVA, Table 1, Fig. 1H), but there was no effect of
genotype (two-way ANOVA, Table 1; Fig. 1H). No interactions were found between sex
and genotype (Table 1).
To determine whether differences in body weight were due to overall energy
intake, we measured cumulative food intake. We found a sex difference in that females
consumed fewer kilocalories over the duration of the experiment than males (two-way
ANOVA, Table 1; Fig. 2K) but there was no interaction between sex and genotype on
energy intake (Table 1).

8

Figure 2: Diet-induced obesity is exacerbated in female, but not male, Period KO
mice. Male and female Per1/2/3 (n=14-15), Per1/2 KO (n=9-14) and wild-type
(n=13) mice underwent one week of low-fat feeding (switch denoted by red arrows)
followed by 12 weeks of high-fat feeding. Weekly body weight for males (A) and
females (B) was measured, and final body weights were compared (C). At the
conclusion, body composition (D) and an oral glucose tolerance test (Per1/2/3 (n=45), Per1/2 KO (n=3-5), wild-type (n=5)) (E, F, and G) were conducted. Cumulative
food intake for the duration of the experiment in males (G) and females (H (I). All
results were analyzed using Two-Way ANOVA and are presented as mean ± SEM.
*P<0.05, **P<0.01, ***P<0.001.
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Table 2.1 Two-way ANOVA analysis of metabolic parameters.
Metabolic Parameter

Two-Way ANOVA

Final body weight
Sex

F=249.42, P<0.001

Genotype

F=4.58, P=0.013

Sex*Genotype

F=4.21, P=0.019

Adiposity
Sex

F=37.91, P<0.0001

Genotype

F=9.30, P<0.0001

Sex*Genotype

F=10.30, P<0.0001

Fasting blood glucose
Sex

F=14.12, P<0.0001

Genotype

F=2.22, P=0.12

Sex*Genotype

F=0.13, P=0.87

Oral glucose tolerance test (AUC)
Sex

F=13.68, P=0.0019

Genotype

F=1.63, P=0.22

Sex*Genotype

F=1.14, P=0.34

Cumulative food intake
Sex

F=84.4, P<0.0001

Genotype

F=1.95, P=0.15

Sex*Genotype

F=2.12, P=0.13
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1.3.3

Period knockout males and females have reduced amplitudes of eating rhythms
and altered activity compared to wild-types.

We next examined potential mechanisms underlying the differences in obesity in
male and female Period KO mice by studying their metabolism using indirect
calorimetry. We analyzed the metabolic cage data for 5 days in 10-week-old mice that
had been eating high-fat diet for 2 weeks. This was just before we began to observe
differences in body weight between genotypes in the long-term study (Fig. 2A,B). We
chose this timepoint because we wanted to investigate the mechanisms causing obesity.
We did not yet perform statistical analyses of these data because the sample sizes are too
small. We first measured the feeding rhythm during high-fat feeding (Fig. 3A,C). The
data suggest that male and female wild-type mice had higher amplitudes of eating
rhythms than Period KO mice (Fig 3B).
We also analyzed ambulatory activity from the metabolic cages. We found that
the amplitude of the activity rhythms of Per1/2 KO male mice were greater than wildtype and Per1/2/3 KO males (Fig. 3D). In contrast, female Per1/2/3 KO mice appear to
have reduced amplitudes of activity rhythms compared to Per1/2 KO and wild-type
females (Fig. 3D).
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Figure 3: Male and female Period KO mice have altered amplitudes of eating
behavior and activity rhythms. Male and female Per1/2/3 (n=2-6), Per1/2 KO (n=26) and wild-type (n=3-5) mice were placed in metabolic cages from 9-10 weeks of age.
Representative 5-day actograms illustrating feeding behavior (A) and activity (C).
Eating amplitude (B) and activity amplitude (D) were calculated. Results are presented
as mean ± SEM.
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1.3.4

The interdaily phase relationship between eating and activity rhythms is variable
in Per KO mice.

Wild-type mice typically have consistent phase relationships between their eating
and activity rhythms, but we observed considerable interdaily variability in the onset of
activity in Period KO mice (Fig. 1A,B). Therefore, we determined whether the phase
relationship between eating and activity rhythms differed by sex and genotype. We
measured the standard deviation of the phase relationship of the eating and activity
rhythms during the 5 days in the metabolic cages for each mouse. Although more mice
are needed for statistical analysis, the data suggest that the effect of Period KO on the
variability of the phase relationship depended on sex. Wild-type females may have had
lower variability in their eating and activity phase relationship than Period KO females
(Fig. 4B). In contrast, the phase relationship was stable in male wild-type and Period KO
mice although males of all genotypes were more likely to have arrhythmic eating (Fig.
4A). Male wild-type and Per1/2 KO mice had slightly greater interdaily variability
compared to male Per1/2/3 KO mice (Fig. 3C). Female Per1/2 KO mice had the greatest
deviation compared to Per1/2/3 KO and wild-type females and males (Fig. 3C).
Additionally, male and female Period knockout mice may have a higher percentage of
arrhythmic days compared to wild-types (Fig. 4D). Male mice also appeared to burn
more calories overall than females (Fig. 4E). More mice are needed in these groups in
order to perform statistical analyses.
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Figure 4: Period KO mice have interdaily variability in the phase relationship
between their eating and activity rhythms. Activity and eating phase over five days
in metabolic cages in representative wild-type (grey), Per1/2 KO (light blue), and
Per1/2/3 KO (dark blue) male (A) and female (B) mice. A missing data point is
equivalent to an arhythmic day. Mice were fed 45% kcal high-fat diet. Standard
deviation (SD) of phase relationship in Per1/2/3 (n=2-6), Per1/2 KO (n=2-6) and wildtype (n=3-5) mice (C). Percentage of arrhythmic days were calculated for each
genotype (D). Results are presented as mean ± SEM.
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1.4

Discussion

Prior studies have shown interplay of the circadian system and metabolism (Arble
et al., 2009; Barnea et al., 2009; Coomans et al., 2013; Kohsaka et al., 2007; Mendoza et
al., 2008). However, the majority of prior studies investigated metabolism in male mice.
Only approximately 20% of studies of obesity in circadian mutant mice investigated
females or sex differences (Beery and Zucker, 2011; Clayton and Collins, 2014). This is a
critical oversight since obesity and its comorbidities differ in men and women. Studies
from our lab and others have shown that there is a sex difference in the response of daily
rhythms to a nutritional high-fat diet challenge, which regulates obesity differently in
males and females (Barclay et al., 2013; Omotola et al., 2019; Palmisano et al., 2017).
Thus, studying the role of circadian rhythms in regulating sex differences in obesity is a
gap in our knowledge that we studied herein.
One previous study investigated sex differences in diet-induced obesity in Period
knockout mice, but the mice were on an obesity resistant 129/sv strain (Dallmann and
Weaver, 2010). They found no differences in weight gain over a 20-week period in
female mice. However, male Per1/2/3 and Per3 KO gained more weight than wild-type
males. In contrast to Dallmann and Weaver, we found that female Per1/2 KO and
Per1/2/3 KO mice, but not male Period KO mice, had increased diet-induced obesity
compared to sex-matched wild-types. Our data also differ from studies in other circadian
mutant mice, such as BMAL1 KO and CLOCK∆19 mutants, that had exacerbated obesity
in high-fat diet fed male mice (Kennaway et al., 2007, 2013; Pan et al., 2013; Peek et al.,
2013; Turek et al., 2005). This exposes a novel role for both genotype and strain in the
context of sex in understanding diet-induced obesity.
We found that knocking out Per1 and Per2 doubled adiposity, while knocking out
Per1, 2, and 3 genes tripled adiposity in females. Thus, like Dallmann and Weaver, our
data suggest that Per3 plays a role in regulating diet-induced obesity in mice. Per3
regulates timekeeping in peripheral tissues of male mice since Per3 KO males have
advanced PERIOD::LUCIFERASE rhythms in the liver, pituitary, colon, and more
(Pendergast et al., 2012). The role of Per3 in regulating diet-induced obesity in females
has never been studied and is an important area to address in future studies.
Interestingly, we did not expect Per1/2 KO males to have lower adiposity
compared to Per1/2/3 KO wild-type males. This is not an experimental anomaly,
however, as we performed a pilot of this experiment at a different institution and saw the
same effect (Supplementary Figure 2A). In the study conducted by Dallmann and
Weaver, Per3 KO males had the most body mass at the conclusion of the experiment
compared to Per1/2/3 KO and wild-type males. Having functional Per3, in the case of
Per1/2 KO male mice, rescues them from internal misalignment and this may contribute
to their lower adiposity (Dallmann and Weaver, 2010; Pendergast et al., 2012). Since
male Per1/2/3 KO mice gained as much as wild-types, males may simply gain weight on
high-fat diet and reach a ceiling, explaining why we see no differences between the two.
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A possible mechanism for exacerbated diet induced obesity in females in our
study is altered feeding rhythms when fed high-fat diet (Branecky et al., 2015; Kohsaka
et al., 2007; Pendergast et al., 2013). We previously showed that the effects of high-fat
feeding on the eating behavior rhythm is different in male and female mice. Male mice
maintain robust amplitude of eating fed low-fat diet but have low-amplitude or
arrhythmic eating (not concentrated in the nighttime) when fed high-fat diet (Branecky et
al., 2015; Kohsaka et al., 2007; Pendergast et al., 2013). Female mice maintained high
amplitude eating rhythms when fed high-fat diet (Omotola et al., 2019; Palmisano et al.,
2017; Stubbins et al., 2012a). Moreover, eating rhythms are causal for diet-induced
obesity. For example, time-restricted feeding has been shown to rescue daily rhythms and
lessen metabolic consequences of high-fat diet (Duncan et al., 2016; Hatori et al., 2012).
Consistent with our prior studies, wild-type females had higher amplitude eating rhythms
than wild-type males fed high-fat diet in this study (Omotola et al., 2019). We also found
that the amplitudes of the daily rhythms of eating were reduced in both male and female
Period KO mice. Therefore, the reduced amplitude of the eating rhythm caused by
deleting the Period genes could contribute to increased diet-induced obesity in females
but cannot explain the sex difference.
Another possible mechanism for diet-induced obesity in our study is the interdaily
variability in the phase relationship between eating and activity rhythms. Interdaily
variability—that is, the daily variability between timing of eating and sleep-wake—can
have negative metabolic consequences (Peplonska et al., 2015; Sookoian et al., 2007). An
example of human circadian misalignment is shift work. Shift work increases daily
variability in circadian timing of cycles such as eating and sleeping (Karlsson, 2001;
Scheer et al., 2009). We explored the daily phase relationship between the eating and
activity rhythms measured in metabolic cages during week 4 of our study. Female wildtype mice appeared to retain a more stable phase relationship between eating and activity
than Per1/2 and Per1/2/3 KO females (Fig. 3B). All male genotypes had seemingly more
stable phase relationships despite some arrhythmicity (Fig. 3A). However, when
comparing the mean phase relationship of the genotypes, we saw interesting differences.
Male wild-type and Per1/2/3 KO mice trended toward greater interdaily variability
compared to Per1/2 KO mice (Fig. 3C). Notably, Per1/2 KO males also had lower
adiposity and body weight than wild-type and Per1/2/3 KO mice. Further, Per1/2 KO
female mice had the greatest interdaily variability compared to Per1/2/3 KO and wildtype female mice. We thus propose greater interdaily variability between the phases of
eating and activity rhythms contributes to diet-induced obesity in mice. An interesting
area for future study is to examine whether energy expenditure is lower on days with
aberrant phase relationships.
Another hallmark of obesity in the C57BL/6J strain is impaired glucose tolerance
(Surwit et al., 1988, 1991; Toye et al., 2005). In the present study, we found a sex
difference in glucose tolerance; males were more glucose intolerant compared to females.
This is likely due to the presence of circulating estrogens in females (Omotola et al.,
2019; Palmisano et al., 2017). Female mice were gonadally intact in the present study,
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and estrogens are known to be an important regulator of glucose metabolism (Alemany,
2021; Stubbins et al., 2012a, 2012b). Thus, even though female Period KO mice had
greater adiposity and body weight than wild-type females, they still maintained glycemic
control. It is possible that differences in glucose tolerance may develop after longer
duration of high-fat diet feeding. Further directions for study include ovariectomy in
female Period KO mice to determine if the presence of estrogens are responsible for the
maintenance of glucose tolerance, and whether diet-induced obesity is further
exacerbated.
In the present study, we found that Period knockout male and female mice also
exhibited alterations in activity rhythms in 12L:12D. Interestingly, after 2 weeks of highfat diet feeding in both sexes, the amplitudes of the activity rhythms were reduced in
Period 1/2/3 KO mice but increased in Per1/2 KO mice. Period KO mice also had
advanced onsets of activity when compared to wild-types. While male Per1/2 KO mice
had a decreased amplitude of eating, they maintained a high amplitude of activity. This
may have inhibited diet-induced obesity as they gained less weight and less fat mass than
both Per1/2/3 KO and wild-type males. While Per1/2/3 KO females had a decreased
amplitude of activity, Per1/2 KO females did not. This may account for the differences in
body weight gain and adiposity over the duration of the experiment.
In this study, we showed Per1/2 and Per1/2/3 KO mice have daily rhythms in
12L:12D with an advanced onset of activity. Prior research suggested that Per1/2 KO
mice may have a weak light driven oscillator (Pendergast and Yamazaki, 2011). The
molecular clock can be fully disabled by putting Per1/2 KO and Per1/2/3 KO mice in
constant darkness (Bae et al., 2001). Thus, an interesting avenue for future studies would
be to study diet-induced obesity in Period KO mice in constant darkness. By fully
disabling the clocks, obesity may be further exacerbated in male and female mice.
However, if interdaily variability in the phase relationship between activity and eating is
causing diet-induced obesity, then we may not observe Period-dependent differences in
diet-induced obesity due to studying an arrhythmic animal in an arrhythmic environment.
In summary, we found a sex difference in that Period KO increased body weight
and adiposity in female mice, but not in male mice. This was not due to differences in
energy intake, as both males and females within the three genotypes had similar levels of
kilocalorie intake. Conversely, females did not exhibit glucose intolerance, perhaps due
to circulating levels of estrogens. Two potential mechanisms emerged that may have
contributed to diet-induced obesity in female Period KO mice. The first is a greater dayto-day variation in the phase relationship of activity and eating rhythms when fed high-fat
diet. The second is a reduction in the amplitude of eating rhythms, and in the case of
Per1/2/3 KO females, a reduction in amplitude of activity rhythms. Since Per1/2 KO
females retained robust amplitudes of activity rhythms similar to wild-types, this may
account for the differences in body weight and adiposity between the two genotypes.
Per1/2 KO males and females also have two functional copies of the Per3 gene, which
may have maintained rhythms in peripheral tissues and offered a certain unknown level
17

of protection against diet-induced obesity. Taken together, these results illuminate two
important pathways for further study—the integration of Per3 within the circadian
system and continued understanding of sex differences in circadian regulation of
metabolism.
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APPENDIX

Supplementary Figure 1A. Lean and fat mass of mice undergoing an oral glucose
tolerance test. Male and female wild type (n=4-5), Per1/2 KO (n=3-5), Per1/2/3 KO
(n=3-5) mice underwent an oral glucose tolerance test (OGTT) after 12 weeks of highfat diet feeding, followed by body composition.

Supplementary Figure 2A. Body weights of male mice from a preliminary study.
Body weights from wild-type (n=7), Per1/2 KO (n=9), and Per1/2/3 KO (n=6) male
mice over 12 weeks of high-fat diet feeding. These mice were on a C57BL6/J
background and housed at Vanderbilt University.
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Supplementary Table 1. Two-way ANOVA analysis of general locomotor activity onset
and duration.
Onset: low-fat diet
Sex
F=0.58, P=0.44939
Genotype

F=28.95, P<0.0001
F=1.76, P=0.18

Sex*Genotype
Onset: high-fat diet
Sex

F=3.23, P=0.078
F=18.88, P<0.0001
F=0.22043, P=0.803

Genotype
Sex*Genotype
Alpha: low-fat diet
Sex

F=0.16, P=0.69

Genotype

F=0.69, P=0.51

Sex*Genotype

F=0.62, P=0.54

Alpha: high-fat diet
Sex

F=0.38, P=0.54

Genotype

F=3.83753, P<0.05

Sex*Genotype

F=1.37058, P=0.26
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